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against autoimmunity [15] but also for protection of fetus against
maternal immune responses [16], restriction of host allogeneic T-
cell responses against graft transplantation [17], suppression of CTL
anti-tumor activity in cancer [ 18], and modulation of Th2 responses
in allergic diseases [19]. Recently, T-regs were shown to restrict
immune responses against viral, bacterial, and parasitic infections
[20-24]. Thus, in chronic Hepatitis C (HCV) viral infection the
number of CD4*25* Foxp3* T-regs is increased, whilst T-reg deple-
tion associates with enhanced HCV-specific CD4- and CD8 T-cell
responses [25-27]. In Herpex simplex viral infection, depletion of
T-regs was followed by a greater migration of T inflammatory cells
from the draining lymphoid nodules to the site of infection [28,29].
Data from HiV-infected patients demonstrated that CD4*25* T-regs
suppress the virus-specific CD4- and CD8 T-cells [30-32], and that
HIV-induced T-regs can restrict the infectivity of Cytomegalovirus
virus [30]. In contrast to other viral infections, the human T-cell
lymphotropic virus type-1 preferentially infects the CD4*Foxp3*
T-regs and down-regulates their Foxp3 expression, thereby con-
tributing to multi-organ lymphocyte infiltration [33,34]. However,
in most cases, T-reg depletion leads to a better control of viral
infections in various animal models (reviewed in [35]).

Recent data suggested a restrictive effect of T-reg cells on the
delay type of hypersensitivity to influenza infection [10,13], but
little is known about their effect on the anti-influenza CD4 T helper
cell responses induced by vaccination. Herein, we investigated the
effects of CD4*Foxp3* T-reg cells on B- and T-cell responses induced
by influenza virus vaccination.

2. Materials and methods
2.1. Animals

Naive BALB/c and BALB/c, RAG2 KO mice (4-5-week-old) were
obtained from Jackson Laboratory (Bar Harbor, ME, USA). TCR-
PR8/HA transgenic (Tg) mice expressing the 14.3d T-cell receptor
that recognizes the HA{1g-120-CD4 T-cell immunodominant epi-
tope of hemagglutinin protein (HA) of the A/PR/8/34 influenza virus
[36] were used as source of antigen-specific T-regs and conven-
tional HA-specific CD4 T-cells. RAG2 KO, RIP-PR8/HA Tg mice on
a BALB/c background expressing the influenza HA viral protein in
pancreatic B-cell islets under the rat insulin promoter {36] were
used as cell recipients in adoptive transfer experiments. The TCR-
PR8/HA Tg and RAG2 KO, RIP-PR8/HA Tg mice were maintained in
our pathogen-free facility at USUHS according to federal and local
regulations.

2.2, Immunization protocols

Naive BALB/c mice enriched or not with syngeneic naive T-
reg cells (sorted CD4*CD25*Foxp3* cells from BALB/c mice), and
BALB/c, RAG2 KO mice reconstituted with either total spleen
cells or T-reg depleted spleen cells from naive BALB/c mice were
immunized intraperitoneally (i.p.) with a single dose of 200 p.g of
UV-inactivated type A/PR/8/34 (PR8) or type B HK (BHK) influenza
viruses with respect to the protein content as measured by Bio-
Rad assay (Bio Rad Laboratories, Hercules, CA, USA). Both influenza
viral strains were purified by centrifugation on sucrose gradient
(CharlesRiver, North Franklin, CT, USA). T-reg enrichment of BALB/c
mice was carried out 3 days before vaccination by intraperitoneal
(i.p.) infusion of naive BALB/c T-regs (6.5 x 106 CD4*CD25* cells)
sorted on magnetic immunobeads according to the manufacturer’s
instructions (Miltenyi Biotech, Auburn, CA, USA and R&D Systems,
Minneapolis, MN, USA). Adoptive cell transfers in BALB/c, RAG2
KO mice with 74 x 108 total spleen cells/mouse or CD25-depleted
spleen cells/mouse were carried out 1 day before the i.p. vaccina-

tion with 100 g viral proteins/mouse. On day 8 post-vaccination,
spleens were collected and cells were analyzed.

2.3. Cell isolation

Single-cell suspensions of CD4*CD25* T-reg cells were nega-
tively sorted to 90-95% purity from the spleen of naive BALB/c mice
on CD4 columns followed by incubation with CD25 immunobeads
and enrichment with PE-labeled anti-CD25 Abs coupled to mag-
netic beads according to the manufacturer's instructions (Miltenyi
Biotech, Auburn, CA, USA and R&D Systems, Minneapolis, MN, USA).
Sorted CD4*CD25* T-regs showed Foxp3 expression as determined
by FACS intra-nuclear staining with anti-Foxp3 Ab (eBioscience, San
Diego, CA, USA).

24. Cell proliferation assay

Single-cell suspensions of splenocytes (107 cells) from individ-
ual mice of each group of mice were incubated with HA{1p-120
synthetic peptide (40 wg/mL) or Con A (2 pg/mL)in flat bottom 12-
well plates (Corning, Lowell, MA, USA) for 5 days at 37°C. Aliquot
cultures were transferred in flat bottom 96-well plates for test-
ing the proliferative index using Cell Titer 96® Non-Radioactive
Cell Proliferation Assay according to the manufacturer’s protocol
(Promega, Madison, W1, USA). The index of proliferation was deter-
mined based on the OD units (A =490 nm) measured in a 96-well
plate reader (Molecular Devices Vmax, Sunnyvale, CA, USA).

2.5. Cytokines assay

Single-cell suspensions of splenocytes from individual mice in
each group of mice were incubated at 106 cells/well with either
HAj10-120 synthetic peptide (20 ug/108 cells), Con A (1pg/106
cells), or UV-inactivated PR8 virus preparation (10 j.g protein/108
cells). Cells were incubated in round bottom 96-well plates at 5%
€O, and 37°C for 2 days for IL-2 measurements, and 3 days for IL-4,
IL-10, and IFN-y measurements. Cytokine secretion in cell culture
supernatants was assessed by Multiplex mouse cytokines kits using
a Luminex instrument according to the manufacturer’s instructions
(Luminex Corporation, Austin, TX, USA). Cytokine concentrations
were calculated based on the acquired mean fluorescence intensity
(MFI) using a 5 parameter logistics model equation (MasterplexQT
software, Miraibio, San Francisco, CA, USA).

2.6. Immunohistology of pancreas

Pancreata of mice were fixed overnight in 10% phosphate-
buffered formalin and embedded in paraffin. Serial paraffin-
embedded sections were stained with hematoxylin-eosin, or
immunostained with 1:200 dilution of a rabbit anti-insulin anti-
body (Santa Cruz Biotech, Santa Cruz, CA, USA) and revealed by a
1:5000 dilution of goat anti-rabbit IgG-HRP conjugate (Southern
Biotechnologies, Birmingham, AL, USA).

2.7. Adoptive cell transfer experiments

Negatively sorted CD4* splenic cells from naive BALB/c mice
enriched or not in T-regs and then immunized with PR8 or BHK
virus were isolated on CD4 columns (R&D Systems, Minneapo-
lis, MN, USA) 42 days post-immunization, and infused alone, or
co-infused i.p. with diabetogenic TCR-PR8/HA splenic cells into
RAG2 KO, RIP-PR8/HA Tg mice. The blood glucose level in recipi-
ent mice was determined bi-weekly in the blood withdrawn from
the tail vein using Accu-Check glucose strips (Roche, Indianapo-
lis, IN, USA). Mice were considered diabetic after two consecutive
readings of glycemia higher than 200 mg/dL. In some experiments,
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BALB/c, RAG2 KO mice were infused i.p. with total spleen cells or
T-reg (CD25)-depleted spleen cells from naive BALB/c mice, and 1
day later were immunized i.p. with 100 p.g of UV-inactivated PR8
virus in saline, Eight days post-immunization, the spleen cells were
analyzed for cytokine secretion and Foxp3 mRNA expression.

2.8. Antibody assays

Two methods were used to measure the anti-influenza Ab
response in immunized mice. First, the ELISA method was carried
out on flat bottom 96-well plates coated with PR8 (5 pg/mL) in
0.1 M bicarbonate buffer (pH 9.6) overnight at 4°C and blocked
overnight at4 °C with 5% BSA in PBS. Mice sera (1/100dilution in 1%
BSA/PBS) were added to the plates for 2 h at 37 *C, washed, and then
incubated for 2 h at room temperature either with anti-mouse IgG
(H +L) antibody-Biotin conjugate (Abcam, Cambridge, MA, USA), or
with anti-mouse 1gG1 (Fcy1) antibody-Biotin conjugate (Jackson
ImmunoResearch, West Grove, PA, USA), or with anti-mouse IgG2a
(Fcya) antibody-Biotin conjugate (BD Pharmingen, San Diego,
CA, USA). Plates were washed, and bound anti-IgG Ab-Biotin
conjugates were revealed by a streptavidin-HRP conjugate (Jack-
son ImmunoResearch)developed in 3,3',5,5-tetramethylbenzidine
(TMB) substrate (BD Biosciences, San Jose, CA, USA). The OD units
corresponding to the antibody titers were measured at A =450 nm
in flat bottom 96-well plates in an ELISA reader instrument (Molec-
ular Devices Vmax, Sunnyvale, CA, USA), and then expressed as
pg/mL based on a calibration curve built with a PR8-specific IgG1
Ab (#PY102) as we previously described [37). Secondly, the PR8
and BHK neutralizing Ab titers were measured by Hemaggluti-
nation Inhibition Assay (HAI) in 96-well plates as we previously
described [37]. Briefly, sera from individual mice of each group of
mice (25 p.l) were pre-incubated overnight at 37°Cin 1 mL of phos-
phate buffer (pH 7.4) containing 5 mM CaCl2, and neuraminidases
from Arthrobacter ureafaciens and Colstridiumn perfrigens (50 mU
each) (Calbiochem, Gibbstown, NJ, USA). Serial serum dilutions
were further incubated for 2 h at room temperature with 1% sheep
red blood cells (50 pl/sample) in saline (Innovative Research, Novi,
MI, USA) in the absence of presence of 25 p.l of sucrose gradient-
purified PR8 or BHK virus (20 p.g viral protein/mL). The HAl titers
were expressed as the one above the first serum dilution showing
inhibition of hemagglutination.

2.9. Flow cytofluorimetry

Single-cell suspensions of splenocytes (10% cells) from differ-
ent groups of mice were stained for 30 min at 4°C using various
antibody-dye conjugates and their corresponding isotype controls,
according to the manufacturer’s instructions (BD Biosciences, San
Jose, CA, USA). The mean fluorescence intensity (MFI) was mea-
sured by FACS at the single-cell level in 100,000 cell events acquired
by a LSR 11 Becton-Dickinson instrument coupled to the WINLIST
software (Verity, Topsham, ME, USA).

2.10. Real-time RT-PCR

Total RNA and cDNA from CD4* splenocytes were pre-
pared using NucleoSpin RNA II kit (BD Biosciences Clontech,
Palo Alto, CA, USA) and, respectively, Qiagen One Step RT-
PCR kit (Qiagen Inc., Valencia, CA, USA). Some 500ng RNA was
used to synthesize the first cDNA strand following the man-
ufacturer’s protocol. The primers for murine Foxp3 were as
follows: (forward) 5’CAGCTGCCTACAGTGCCCCTAG3' and (reverse)
5'CATTTGCCAGCAGTGGGTAG3' (38). Specific primers for T-bet,
STAT4, STAT6, cMAF, and GATA-3 were purchased from Applied
Biosystems. Measurements of gene products were carried out
as previously described [39]. Quantitative RT-PCR measurements

were performed on an ABI Prism 7700 with SDS 1.9.1 software
(Applied Biosystems), and the relative mRNA levels were estimated
using 18s rRNA as reference (Applied Biosystems, Foster City, CA,
USA).

2.11. Biostatistics

Significance of individual differences in the mean fluorescence
intensity (MFI, cell density) of Foxp3 and CD44 protein expression
in T-reg and memory CD4* T-cells from different groups of mice, as
well as individual variations in the virus-specific Ab and HAI titers,
was determined by the non-parametric Student’s t-test. p° values
lower than 0.05 were considered significant. The intra-assay dif-
ferences in cytokine secretion and the proliferation index of T-cells
in triplicate cultures were expressed as mean +standard deviation
(SD) at 99% interval of confidence. The relevance of differences
in survival and diabetes incidence of RAG2 KO, RIP-PR8/HA mice
infused with T-cells from virus-immunized BALB/c mice, or co-
infused with diabetogenic TCR-PR8/HA Tg T-cells, or infused only
with diabetogenic TCR-PR8/HA Tg T-cells alone (diabetes control
group) was estimated by Kaplan-Meier test.

3. Results

3.1. Foxp3* T-reg cells do not alter the B-cell responses to
influenza vaccination

Reports indicated that T-reg cells exert inhibitory effects on
the anti-viral immune responses. Herein, we investigated whether
the size of CD4*Foxp3+ T-reg pool may influence the humoral
response to PR8 influenza virus by comparing the anti-PR8 viral
antibody titers in naive vs. T-reg-enriched, BALB/c mice immunized
with a UV-inactivated A/PR/8/34 vaccine prototype. Although T-
reg enrichment in BALB/c mice (6.5 x 108 splenic T-reg cells from
naive BALB/c mice) 3 days prior to immunization increased the size
of CD4*Foxp3* T-reg pool in vivo from 2.8 to 4.5%, both groups of
mice showed similar kinetics of virus-specific antibody titers 14
and 42 days post-immunization (Fig. 1). Thus, the titers of total
PR8-specific IgG, IgG1, and 1gG2a antibodies were not significantly
altered 14 and 42 days post-vaccination in animals supplemented
with T-reg cells; p=0.25 for IgG and 1gG2a, and p=0.15 for IgG1 Abs
between groups of mice enriched or not in T-reg pool prior to PR8
vaccination.

The anti-influenza neutralizing antibodies specific for PR8
hemagglutinin (HA) protein are critical for virus clearance from
the lungs. Thus, measuring the hemagglutination inhibition Ab
titers (HAI) is a relevant test for measuring protective (neutralizing)
antibodies produced during the primary B-cell response induced
post-vaccination or during influenza viral infection. The HAl Ab
titers measured 14 days after PR8 immunization were in a 1/320
to 1/640 range, as compared with mice supplemented with T-
regs prior to immunization (1/240-1/160) (Fig. 1B). Forty-two days
post-immunization, the HAI Ab titers were comparable, but slowly
declined in both groups of mice (1/160-1/320 vs. 1/60-1/240).
These results indicated that variations in the size of Foxp3* T-
reg pool do not significantly affect the primary PR8-specific B-cell
response induced by vaccination.

3.2. Foxp3* T-reg cells suppress the primary and memory T helper
cell responses to influenza vaccination

Although anti-influenza neutralizing antibodies can protect
against influenza infection in the absence of T-cells, the influenza-
specific CD4 T-cells were shown to partially clear the virus from the
lungs independently of antibodies. At the same time, influenza-
specific CD4 T memory cells play a major role in recalling the
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Fig. 2. Effect of T-reg enrichment on the primary T helper cell responses to PR8 viral vaccination. (A) Primary T-cell proliferative response of splenocytes (10° cells) from
T-reg enriched (6.5 x 10° cells/mouse) or not from BALB/c mice (n = 6) immunized with 200 ug of UV-inactivated PR8 viral protein/mouse (14 days post-immunization) upon
in vitro stimulation with HA)10-120 synthetic peptide (40 g/mL) or Con A (2 ug/mL). The OD units refer to the index of proliferation measured at A =490 nm +SD among
triplicate samples from the same experiment. (B) Cytokine production in supernatants from the splenocytes of the same groups of mice upon in vitro stimulation with HA
peptide or Con A (as in panel A) and measured by Luminex. The index of cytokine secretion is expressed as the pg/mL value of stimulated samples (HA or Con A) divided
by the pg/mL value of the non-stimulated samples (NIL, media alone). Results are expressed as the geometric mean of the index of cytokine secretion £5D among triplicate
samples from the same experiment. Shown is (panels A and B) one of two representative experiments (p* = 0.002, between two experiments). (C) Relative mRNA expression
of STAT4, T-bet, STAT6, GATA3, and cMAF in aliquot samples from the same groups of mice as in panels A and B and in the absence of in vitro re-stimulation. Shown are the
mean values +SD for three individual mice in each group. (D) Cytokine production in cell culture supernatants of splenocytes from BALB/c, RAG2 KO mice pre-infused with
74 x 108 cells/mouse of either total spleen cells (n=3), or T-reg-depleted spleen cells (n=3), or saline (n=3), and then immunized 1 day later i.p. with inactivated PR8 virus
(106 pg/mouse). Spleen cells of RAG2 KO recipients were collected 8 days post-immunization, stimulated for 2 days in vitro with purified PR8 virus (10 g viral protein/10°
cells) or ConA (1 11g/10¢ cells), and cytokine secretion in culture supernatants was measured by Luminex. The signal-to-noise from aliquot wells left non-stimulated was
subtracted from each sample. Results from individual mice are expressed as mean pg/mL £SD among triplicate samples from the same experiment. Shown are the results of

one of two representative experiments (p* = 0.004 between experiments).

post-immunization, and 33.6% vs. 24% 42 days post-immunization)
(Fig. 3B), and a reduction in the memory-effector Th1 and Th2
function upon in vitro stimulation as detected in the cytokine
assays.

Furthermore, to measure the extent to which CD4* memory-
effector T-cell function is affected in vivo by Foxp3* T-reg cells
induced through PR8 vaccination, we took advantage of a murine
reporter system in which the PR8/HA-specific T-effector cells
induce autoimmune diabetes. In this system, adoptively transferred
HA|10-120-specific CD4 T-cells (TCR-PR8/HA) into RAG2 KO mice
expressing the HA of PR8/A/34 influenza virus in the pancreatic
B-cells (RAG2 KO, RIP-PR8/HA Tg mice) lead to fulminate autoim-
mune diabetes within two weeks, as depicted by hyperglycemia
and heavy infiltration of pancreatic B-islets with lymphocytes
(pancreatic insulitis) (Fig. 4A) [44]. These mice can survive up to
1 month after the hyperglycemia onset. Similarly, the RAG2 KO,
RIP-PR8/HA Tg mice infused with CD4* memory T-cells from PR8-
immunized BALB/c mice harvested 42 days post-immunization
developed hyperglycemia, although with a delay of 2-15 days, and

longer survival (till 2 months) after hyperglycemia onset (Fig. 4B).
Development of diabetes was indicative for activation of PR8-
induced, HA-specific T memory cells toward the effector function
upon encountering the PR8 viral antigens in the pancreas of RAG2
KO, RIP-PR8/HA Tg recipient mice. A short delay in diabetes onset
in this group of mice may well account for the lag period required
by HA memory T-cells to develop into effector cells, to which
the PR8-induced T-reg cells may have contributed by suppres-
sion of HA-specific T memory-effector cells. The recipient mice in
this group also showed pancreatic insulitis, as indicated by the
hematoxylin-eosin (HE) staining of pancreatic sections 50 days
after the cell transfer (Fig. 4B).

In contrast to this group of mice, the RAG2 KO, RIP-PR8/HA
Tg mice infused with memory CD4 T-cells from BALB/c mice
enriched in T-regs prior to PR8 immunization remained normo-
glycemic for over 70 days (Fig. 4C). Normoglycemia was maintained
even after co-infusion of TCR-PR8/HA diabetogenic T-cells (2 x 10°
cells/mouse). Histological analysis of the pancreas of protected
(normoglycemic) mice harvested 50 and 70 days after cell trans-


















J. Surls et al. / Vaccine 28 (2010) 7319-7330 7329

[7] Mills KHG, McGuirk P. Antigen-specific regulatory T cells: their induction and
role in infection. Seminars Immunol 2004;16:107-17.

[8] MajlessiJ, Lo-Man R, Leclerc C. Regulatory B and T cells in infections. Microbes
Infect 2008;10:1030-5.

[9] Vahlenkamp TW, Tompkins MB, Tompkins WAF. The role of CD4+CD25+
regulatory T cells in viral infections. Veterinary Immunol Immunopathol
2005;108:219-25.

[10] Haeryfar SM, DiPaolo R], Tscharke DC, Bennink JR, Yewdell JW. Regula-
tory T cells suppress CD8+ T cell responses induced by direct priming
and cross-priming and moderate immunodominance disparities. ] Immunol
2005;174:3344-51.

[11] Hurwitz JL, Hackett CJ. Influenza-specific suppression: contribution of major
viral proteins to the generation and function of T suppressor cells. ] Immunol
1985;135:2134-9.

[12] Sun J, Madan R, Karp CL, Braciale TJ. Effector T cells control fung inflam-
mation during acute influenza virus infection by producing IL-10. Nat Med
2009:15:277-84.

[13] Smith RH, Ziola B. Cyclophosphamide and dimethyl dioctadecyl ammonium
bromide immunopotentiate the delayed-type hypersensitivity response to
inactivated enveloped viruses. Immunology 1986;58(2):245-50.

[14] Sakaguchi S. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells
in immunological tolerance to self and non-self. Nat Immunol 2005:6:345-
52.

[15) Sakaguchi S, Sakaguchi N, AsanoM, itoh M, Toda M. Immunologic self-tolerance
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune
diseases. ] Immunol 1995;155:1151-64.

[16] Darrasse-Jeze G, Klatzmann D, Charlotte F, Salomon BL, Cohen JL. CD4+CD25+
regulatory/suppressor T cells prevent allogeneic fetus rejection in mice.
Immunol Lett 2006;102(1):106-9.

[17] Lee MK 4th, Moore D, Jarrett BP, Lian MM, Deng S, Huang X, et al. Pro-
motion of allograft survival by CD4+CD25+ regulatory T cells: evidence
for in vivo inhibition of effector cell proliferation. J Immunol 2004; 172:
6539-6544.

(18] Valzasina B, Piconese S, Guiducci C, Colombo MP. Tumor-induced expansion
of regulatory T cells by conversion of CD4+CD25- lymphocytes is thymus and
proliferation independent. Cancer Res 2006;66:4488-95.

119) Levings MK, Roncarolo MG. T-regulatory-1 cells: a novel subset of CD4 T
cells with immunoregulatory properties. J Allergy Clin Immunol 2000;106:
109-12.

[20] McGuirk P, McCann C, Mills KH. Pathogen-specific T regulatory 1 cells induced
in the respiratory tract by a bacterial molecule that stimulates interleukin
10 production by dendritic cells: a novel strategy for evasion of protec-
tive T helper type 1 responses by Bordetella pertussis. ] Exp Med 2002:195:
221-31.

[21] Plebanski M, Flanagan KL, Lee EA, Reece WH, Hart K, Gelder C, et al. Inter-
leukin 10-mediated immunosuppression by a variant CD4 T cell epitope of
Plasmodium falciparum. Immunity 1999:10:651-60.

[22] Lavelle EC, McNeela E, Armstrong ME, Leavy O, Higgins SC, Mills KH. Cholera
toxin promotes the induction of regulatory T cells specific for bystander
antigens by modulating dendritic cell activation. | Immunol 2003:171:
2384-92.

[23] Suvas S, Azkur AK, Kim BS, Kumaraguru U, Rouse BT. CD4+CD25+ regulatory
T cells control the severity of viral immunoinflammatory lesions. ] [mmunol
2004;172:4123-32.

[24] Iwashiro M, Messer R}, Peterson KE, Stromnes IM. Sugie T. Hasenkrug K].
Immunosuppression by CD4+ regulatory T cells induced by chronic retroviral
infection, Proc Natl Acad Sci U S A 2001:98:9226-30.

{25] MacDonald AJ, Duffy M, Brady MT, McKiernan S, Hall W, Hegarty |, et al. CD4
T helper type 1 and regulatory T cells induced against the same epitopes on
the core protein in hepatitis C virus-infected persons. ] Infect Dis 2002;185:
720-7.

[26] Sugimoto K, lkeda F, Stadanlick J, Nunes FA, Alter HJ, Chang KM. Suppression
of HCV-specific T cells without differential hierarchy demonstrated ex vivo in
persistent HCV infection. Hepatology 2003;38:1437-48.

[27) Cabrera R, Tu Z, Xu Y, Firpi R), Rosen HR, Liu C, et al. An immunomodulatory
role for CD4(+)CD25(+) regulatory T lymphocytes in hepatitis C virus infection.
Hepatology 2004;40:1062-71.

[28] Lund JM, Hsing L, Pham TT, Rudensky AY. Coordination of early pro-
tective immunity to viral infection by regulatory T cells. Science
2008:320{5880):1220-4.

[29] Oswald-Richter K, Grill SM, Shariat N, Leelawong M, Sundrud MS, Haas DW, et
al. HIV infection of naturally occurring and genetically reprogrammed human
regulatory T-cells. PLoS Biol 2004:2:E198.

[30] Aandahl EM, Michaelsson ), Moretto W), Hecht FM, Nixon DF. Human CD4+
CD25+ regulatory T cells control T-cell responses to human immunodeficiency
virus and cytomegalovirus antigens. ] Virol 2004;78:2454-9.

[31] Kinter AL, Hennessey M, Bell A, Kern S, Lin Y, Daucher M, et al. CD25(+)CD4(+)
regulatory T cells from the peripheral blood of asymptomatic HIV-infected indi-
viduals regulate CD4(+) and CD8(+) HIV-specific T cell immune responses in
vitro and are associated with favorable clinical markers of disease status. | Exp
Med 2004;200:331-43.

[32] Weiss L, Donkova-Petrini V, Caccavelli L, Balbo M, Carbonneil C, Levy Y. Human
immunodeficiency virus-driven expansion of CD4+CD25+ regulatory T cells,
which suppress HIV-specific CD4 T-cell responses in HIV-infected patients.
Blood 2004;104:3249-56.

[33]) Karube K, Ohshima K, Tsuchiya T, Yamaguchi T, Kawano R, Suzumiya J, et al.
Expression of FoxP3, a key molecule in CD4CD25 regulatory T cells, in adult
T-cell leukaemia/lymphoma cells. Br ] Haematol 2004;126:81-4.

[34] Yamano Y, Takenouchi N, Li HC, Tomaru U, Yao K, Grant CW, et al. Virus-
induced dysfunction of CD4+CD25+ T cells in patients with HTLV-l-associated
neuroimmunological disease. ] Clin Invest 2005;115:1361-8.

[35] Rouse BT, Sarangi PP, Suvas S. Regulatory T cells in virus infections. Immunol
Rev 2006:212:272-86.

[36] Casares S, Hurtado A, McEvoy RC, Sarukhan A, von Boehmer H, Brumeanu TD.
Down-regulation of diabetogenic CD4+ T cells by a soluble dimeric peptide-
MHC class Il chimera. Nat Immunol 2002;3:383-91.

[37] Brumeanu T-D, Casares S, Bot A, Bona CA. Immunogenicity of a contiguous T-B
synthetic epitope of the PR/8/34 influenza virus. | Virol 1997;10:129-36.

[38] Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the
transcription factor Foxp3. Science 2003:299:1057-61.

[39] Stoica-Nazarov C, Surls J, Bona C, Casares S, Brumeanu TD. CD28 signalingin T
regulatory precursors requires p56ick and rafts integrity to stabilize the Foxp3
message. ] Immunol 2009;182:102-10.

[40] Bot A, Casares S, Bot S, von Boehmer H, Bona C. Cellular mechanisms involved
in protection against influenza virus infection in transgenic mice expressing a
TCR receptor specific for class il hemagglutinin peptide in CD4+ and CD8+ T
cells. | Immunol 1998;160:4500-7.

[41] Ahmadzadeh M, Hussain SF, Farber DL Heterogeneity of the memory CD4
T cell response: persisting effectors and resting memory T cells. J] Immunol
2001;166:926-35.

[42] Bingaman AW, Patke DS, Mane VR, Ahmadzadeh M, Ndejembi M, Bartlett
ST, et al. Novel phenotypes and migratory properties distinguish memory
CD4 T cell subsets in lymphoid and lung tissue. Eur ] Immunol 2005;35:
3173-86.

[43) Hogan RJ, Zhong W, Usherwood EJ, Cookenham T, Roberts AD, Woodland
DL Protection from respiratory virus infections can be mediated by antigen-
specific CD4(+) T cells that persist in the lungs. ] Exp Med 2001:193:
981-6.

[44] Kirberg ], Baron A, Jakob S, Rolink A, Karjalainen K, von Boehmer H. Thymic
selection of CD8* single positive cells with a class Il major histocompatibility
complex-restricted receptor. ] Exp Med 1994;180:25-34.

[45] Walker MR, Carson BD, Nepom GT, Ziegler SF, Buckner JH. De novo generation
ofantigen-specific CD4+CD25+ regulatory T cells from human CD4+CD25- cells.
Proc Narl Acad Sci U S A 2005:102:4103-8.

[46] Thornton AM, Shevach EM. Suppressor effector function of CD4+CD25+
immunoregulatory T cells is antigen nonspecific. ] Immunol 2000:164:
183-90.

[47] Andersson ], Tran DQ, Marko P, Davidson TS, Ramsey H, O'Shea |, et al. CD4+
Foxp3+ regulatory T cells confer infectious tolerance in TGF-B dependent man-
ner. ] Exp Med 2008;205:1975-81.

[48] Lio CW, Hsieh CS. A two-step process for thymic regulatory T cell development.
Immunity 2008;28:100-11.

[49] Burchill MA, Yang J, Vang KB, Moon . Chu HH, Lio CW, et al. Linked T cell
receptor and cytokine signaling govern the development of the regulatory T
cell repertoire. Immunity 2008:28:112-21.

[50) Yu X, Tsibane T, McGraw PA, House FS, Keefer CJ, Hicar MD, et al. Neutraliz-
ing antibodies derived from the B cells of 1918 influenza pandemic survivors.
Nature 2008;445:532-6.

[51] Brown DM, Roman E, Swain SL CD4 T cell responses to influenza infection.
Seminars Immunol 2004:16:171-7.

[52] Catron DM, Rusch LK, Hataye ). Itano AA, Jenkins MK. CD4+ T cells that
enter the draining lymph nodes after antigen injection participate in the
primary response and become central-memory cells. | Exp Med 2006:203:
1045-54.

[53] Verhoeven D, Teijaro JR, Farber DL Heterogeneous memory T cells in antiviral
immunity and immunopathology. Viral Imnmunol 2008:21:99-113.

[54] Welsh RM, Selin LK. No one is naive: the significance of heterologous T-cell
immunity. Nat Rev Immunol 2002:2:417-26.

[55] Mozdzanowska K. Maiese K. Gerhard W. Th cell-deficient mice control
influenza virus infection more effectively than Th- and B-cell deficient mice:
evidence for a Th-independent contribution by B cells to virus clearance. |
Immunol 2000;164:2635-43.

[56] Flynn K]J, Belz GT, Altman JD, Ahmed R, Woodland DL, Doherty PC. Virus-
specificCD8+T cells in primary and secondary influenza pneumonia. Immunity
1998:8:683-91.

[57] Strutt TM, McKinstry K, Swain SL. Functionally diverse subsets in CD4 T cell
responses against influenza. J Clin Immunol 2009;29:145-50.

[58] McKinstry KK, Golech S, Lee WH, Huston G, Weng NP, Swain SL. Rapid default
transition of CD4 T cell effectors to functional memory cells. ] Exp Med
2007:204:2199-211.

[59] Ban Y, Tozaki T, Tobe T. Jacobson EM, Concepcion ES, Tomer Y. The regula-
tory T cell gene FOXP3 and genetic susceptibility to thyroid autoimmunity: an
association analysis in Caucasian and Japanese cohorts. ] Autoimmun 2007;28:
201-7.

[60] Moore AC, Gallimore A, Draper Sj, Watkins KR, Gilbert SC, Hill AV. Anti-
CD25 antibody enhancement of vaccine-induced immunogenicity: increased
durable cellular immunity with reduced immunodominance. ] Immunol
2005;175:7264-73.

{61] Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation of
CD25(+)CD4(+) regulatory T cells through GITR breaks immunological self-
tolerance. Nat Immunol 2002;3:135-42.



7330 J. Suris et al. / Vaccine 28 (2010) 7319-7330

{62] Stephens GL, McHugh RS, Whitters M}, Young DA, Luxenberg D, Carreno BM, [64] Pasare C, Medzhitov R. Toll pathway-dependent bleckade of CD4+CD25+

et al. Engagement of glucocorticoid-induced TNFR family-related receptor on T cell-mediated suppression by dendritic cells. Science 2003;299:1033-

effector T cells by its ligand mediates resistance to suppression by CD4+CD25+ 6.

T cells.  Immunol 20604;173:5008-20. [65] Yang Y, Huang CT, Huang X, Pardoll DM. Persistent toll-like receptor signals are
{63] Liu G, Burns S, Huang G, Boyd K, Proia RL, Flavell RA, et al. The receptor S1P1 required for reversal of regulatory T cell-mediated CD8 tolerance. Nat Immunol

overrides regulatory T cell-mediated immune suppression through Akt-mTOR. 2004;5:508-15.

Nat Immunol 2009;10:769-77.



